The human respiratory tract pathogen Moraxella catarrhalis expresses lipooligosaccharides (LOS), glycolipid surface moieties that are associated with enhanced colonization and virulence. Recent studies have delineated the major steps required for the biosynthesis and assembly of the M. catarrhalis LOS molecule. We previously demonstrated that the glucosyltransferase enzyme Lgt3 is responsible for the addition of at least one glucose (Glc) molecule, at the β-(1-4) position, to the inner core of the LOS molecule. Our data further suggested a potential multifunctional role for Lgt3 in LOS biosynthesis. The studies reported here demonstrate that the Lgt3 enzyme possesses two glycosyltransferase domains (A1 and A2) similar to that of other bifunctional glycosyltransferase enzymes involved in surface polysaccharide biosynthesis in Escherichia coli, Pasteurella multocida and Streptococcus pyogenes. Each Lgt3 domain contains a conserved DXD motif, shown to be involved in the catalytic activity of other glycosyltransferases. To determine the function of each domain, A1 (N-terminal), A2 (C-terminal) and double A1A2 site-directed DAD to AAA mutants were constructed and the resulting LOS phenotypes of these modified strains were analyzed. Our studies indicate that the Lgt3 N-terminal A1 catalytic domain is responsible for the addition of the first β-(1-3) Glc to the first Glc on the inner core. The C-terminal catalytic domain A2 then adds the β-(1-4) Glc and the β-(1-6) Glc, confirming the bifunctional nature of this domain. The results from these experiments demonstrate that Lgt3 is a novel, multifunctional transferase responsible for the addition of three Glcs with differing linkages onto the inner core of M. catarrhalis LOS.
Introduction
Bacterial lipooligosaccharides (LOS) play an important role in virulence and pathogenesis for many Gram-negative mucosal organisms (Jacques 1996; Gronow and Brade 2001; Erridge et al. 2002) . Although LOS is often heterologous due to phase and antigenic variation, only three major, nonvariant LOS serotypes (A, B and C) have been described for Moraxella catarrhalis (Edebrink et al. 1994 (Edebrink et al. , 1995 (Edebrink et al. , 1996 . Moraxella catarrhalis is an important cause of middle ear infections in children and lower respiratory infections in adults with compromised lung function, thus understanding the role of LOS in disease could provide valuable information for novel drug and vaccine development (Verduin et al. 2002) .
A number of enzymes involved in the biosynthesis of the LOS molecule have been described for M. catarrhalis, although the steps involved in assembly are not completely understood (Zaleski et al. 2000; Verduin et al. 2002; Luke et al. 2003; Peng, Hong et al. 2005; Wilson et al. 2006; Peak et al. 2007; Schwingel et al. 2008 ). Recent reports have described six genes that encode glycosyltransferase enzymes that are critical to the addition of glucose (Glc) (Lgt1, Lgt3 and Lgt6), galactose (Lgt2 and Lgt5) or N-acetylglucosamine (Lgt4) to the growing LOS chain (Edwards, Allen et al. 2005; Edwards, Schwingel et al. 2005; Wilson et al. 2006; Peak et al. 2007; Schwingel et al. 2008) . While those studies confirmed the function of Lgt1, Lgt2, Lgt4, Lgt5 and Lgt6, the specific function of Lgt3 in M. catarrhalis LOS biosynthesis was not completely defined. It has been shown that mutations in lgt3 yielded the same LOS structure when constructed in all M. catarrhalis LOS serotypes and that the acceptor substrate for Lgt3 is α-D-Glc-(1-5)-KDO 2 -lipid A Peng et al. 2007; Schwingel et al. 2009; Faglin et al. 2010 ). Lgt3 was experimentally shown to function as a β-(1-4) glucosyltransferase; however, the structural data for the LOS synthesized by the Lgt3 mutant suggested three possible functions for this enzyme 6 Present address: CUBRC, Inc., Buffalo, NY 14225, USA. . Moreover, although a report detailing the biochemical characterization of Lgt3 determined the pH and optimal temperature for enzymatic function, the linkage specificity and Glc additions could not be ascertained (Faglin et al. 2010) . Therefore, additional studies were conducted to define the specific functions of Lgt3 as a multifunctional β-glucosyltransferase involved in M. catarrhalis LOS biosynthesis.
Glycosyltransferases are a large group of enzymes that catalyze the transfer of a saccharide moiety from an activated sugar donor onto a variety of acceptor molecules specific to the enzyme (Coutinho et al. 2003) . Most glycosyltransferase enzymes involved in LOS or lipopolysaccharide (LPS) core biosynthesis are responsible for one type of sugar addition onto the growing chain (Raetz and Whitfield 2002) . Some bacterial bifunctional glycosyltransferase enzymes have been described for capsule polysaccharide biosynthesis and belong to the recently classified GT-2 family of modular glycosyltransferases characterized as tandems of two active sites (domains) on one polypeptide (Coutinho et al. 2003) . Included in this group are the KfiC of Escherichia coli, a bifunctional processive glycosyltransferase responsible for K5 capsule biosynthesis, as well as the pmHAS of Pasteurella multocida, a nonprocessive bifunctional glycosyltransferase responsible for hyaluronan capsule biosynthesis (Griffiths et al. 1998; DeAngelis 2000, 2003) . Recently, the Mycobacterium tuberculosis GlfT2, a processive glycosyltransferase involved in galactan synthesis, was shown to be a bifunctional enzyme responsible for the catalysis of both β-(1-5) and β-(1-6) linkages with a single active site (May et al. 2012) . The active site for many glycosyltransferase enzymes contains highly conserved DXD motif(s) thought to be involved in binding the ribose ring of the UDP-sugar donor and a divalent metal ion coordinated to the phosphate (P) groups (Tarbouriech et al. 2001; Coutinho et al. 2003; Jing and DeAngelis 2003) .
The Lgt3 glucosyltransferase enzyme of M. catarrhalis is similar in amino acid sequence to members of the GT-2 family of bifunctional glycosyltransferase enzymes and contains two putative DXD domains, termed A1 (N-terminal) and A2 (C-terminal). Site-directed mutagenesis of the conserved DXD motifs in both putative catalytic domains of Lgt3 suggest that each has a critical role in catalysis for this enzyme, enabling full-length LOS biosynthesis for this organism. Our studies demonstrate that the M. catarrhalis Lgt3 is a unique trifunctional glucosyltransferase responsible for the transfer of three Glc moieties onto the core Glc-Kdo acceptor molecule, with the A1 catalytic domain mediating a β-(1-3) linkage and a bifunctional A2 catalytic domain responsible for catalysis of both β-(1-4) and β-(1-6) linkages.
Results

Sequence analysis of Lgt3 suggests two putative catalytic domains
An NCBI BLAST search, using the predicted amino acid sequence of Lgt3 of M. catarrhalis 7169 (GenBank accession number AY789049), revealed two conserved domains, each with homology to members of the GT-2 family of glycosyltransferase enzymes. Each separate domain exhibited homology to full-length glycosyltransferase enzymes involved in LOS biosynthesis for other Gram-negative bacteria, including LgtF of Haemophilus ducreyi, a β-(1-4) glucosyltransferase (42% identity/56% similarity), and WaaV of E. coli, a β-(1-3) glucosyltransferase (14% identity/29% similarity). Figure 1 depicts a ClustalW alignment of the N-terminal domain (amino acids 13-250) with the C-terminal domain (amino acids 287-526) of Lgt3, which revealed 41% identity and 58% similarity to each other. Additional sequence analyses identified two conserved DXD motifs, one in each domain (asterisks). The two domains of Lgt3 were designated A1 (N-terminal) and A2 (C-terminal) due to their homology with other bifunctional glycosyltransferase enzymes that possess multiple "domain A" motifs, including the pmHAS of P. multocida (Saxena et al. 1995; DeAngelis 2000, 2003) . Table I depicts the conserved DXD motifs, predicted to be important for substrate binding, found in a number of different glycosyltransferase enzymes from multiple strains of bacteria compared with those motifs found in the Lgt3 enzyme from M. catarrhalis (Saxena et al. 1995; Griffiths et al. 1998; Jing and DeAngelis 2000; Coutinho et al. 2003; Jing and DeAngelis 2003) . The LgtF of H. ducreyi and the WaaVof E. coli transfer a single Glc molecule to their respective LOS and LPS molecules, whereas the KfiC, KfoC, pmHAS, HasA and GlfT2 all transfer multiple sugars to surface polysaccharides of their respective strains (Saxena et al. 1995; Griffiths et al. 1998; Filiatrault et al. 2000; DeAngelis 2000, 2003; Ninomiya et al. 2002; Coutinho et al. 2003; May et al. 2012) . The aspartic acid residues in this conserved motif are important for donor substrate binding for domain A of the KfiC of E. coli, both domain As of pmHAS of P. multocida and the single bifunctional catalytic domain of the M. tuberculosis GlfT2 (Griffiths et al. 1998; DeAngelis 2000, 2003; May et al. 2012) . Each domain of the Lgt3 enzyme for M. catarrhalis possesses homology with these enzymes in the conserved regions. Thus, these two DAD motifs of Lgt3 were chosen for site-directed mutagenesis to investigate their contribution to the function of Lgt3 in M. catarrhalis LOS biosynthesis. 
Alteration of the DAD motifs affects Lgt3 function
Three different site-directed mutant strains were constructed that encoded Lgt3 enzymes with the following amino acid changes: Lgt3A1 represents an N-terminal DAD mutant with aspartic acid residues 87 and 89 mutated to alanine, Lgt3A2 represents a C-terminal DAD mutant with aspartic acid residues 361 and 363 mutated to alanine and the double DAD mutant Lgt3A1A2 had all the four aspartic acid residues from both domains (amino acids 87/89/361/363) mutated to alanine (Figure 1 , Table II ).
The Lgt3A1 site-directed construct produced a LOS with two major glycoforms by silver-stained gel, one that migrated slightly faster than the wild-type LOS molecule and one that migrated similar to that of the previously described lgt3-null mutant ( Figure 2 , lanes 3, 1 and 2, respectively) . The LOS molecule synthesized by Lgt3A2, the C-terminal DAD mutant (lane 4), migrated slightly slower than the lgt3 mutant glycoform (lane 2) but faster than wild-type (lane 1). The double site-directed DAD mutant Lgt3A1A2 synthesized an LOS molecule that was consistent with the LOS of the lgt3 mutant (lane 5 compared with lane 2). To evaluate whether the LOS phenotypes exhibited by the mutant strains were solely the result of Lgt3 and not the result of compensatory transferase activity, in trans complementation was performed on all strains. Complementation of Lgt3A1 with lgt3A2 subcloned into the M. catarrhalis shuttle vector pWW115 restored the LOS phenotype of the site-directed strain to wildtype ( Figure 3A , lanes 1-3). Likewise, complementation of both Lgt3A2 with lgt3A1 in trans and Lgt3A1A2 with the wildtype lgt3 in trans restored the LOS phenotype to the wild-type glycoform (lanes 4-7). The reversion to the wild-type phenotype was confirmed by immunoblot using monoclonal antibodies (MAbs) 3F7 ( Figure 3B ) and 4G5 (data not shown), which react to full-length M. catarrhalis serotype B LOS . These data indicated that the catalytic domains A1 and A2 were responsible for the function of Lgt3 and that each domain can function independently.
To further confirm that Lgt3 was responsible for the β-(1-3), β-(1-4) and β-(1-6) Glc additions to the lipid A-KDO 2 -(1-5)-D-Glc core, Lgt1 was mutated in each of the site-directed Lgt3 mutant constructs. Lgt1, although an α-(1-2) glucosyltransferase, is the only other glucosyltransferase involved in M. catarrhalis 7169 LOS assembly and therefore the only likely transferase with the potential to exhibit compensatory activity . Phenotypic analyses of the resulting Lgt1-site-directed DAD mutants indicated that there was no compensatory activity by this glucosyltransferase (data not shown), further confirming that Lgt3 alone exhibited trifunctional activity. Mass spectrometry (MS) structural analyses of the LOS assembled by all mutant constructs were performed to delineate each glycolipid and confirm the function of Lgt3. (Table III) revealed a range of glycoforms from 1Hex to 8Hex for the Lgt3A1 mutant, whereas the Lgt3A2 mutant elaborated just a single 2Hex glycoform. To simplify the interpretation of the MS data, the corresponding lgt1 double mutants were examined so that Trifunctional glucosyltransferase further elongation of inner core glycoforms due to the action of the Lgt1 glycosyltransferase was precluded. While the Lgt3A2::lgt1K double mutant still elaborated a 2Hex glycoform, the Lgt3A1::lgt1K double mutant now elaborated a 1Hex-to-3Hex range of glycoforms. Finally, the MS spectrum of the Lgt3A1A2 double mutant revealed a single 1Hex glycoform consistent with no extension beyond the initial Glc residue attached to the Kdo molecule. These results also suggested that the A1 region of the Lgt3 glycosyltransferase, functional in the LgtA2 mutant background, was able to add a single hexose (Hex) to the Glc-Kdo stub, whereas the A2 region of the Lgt3 glycosyltransferase, functional in the A1 mutant background, was able to add two Hex residues to the Glc-Kdo acceptor. These data were corroborated by MS analysis of the fully deacylated (KOH treated) LPS from the Lgt3A1::lgt1K double mutant, which also revealed a range of 1Hex-to-3Hex glycoforms. These glycoforms were fractionated by anion-exchange chromatography resulting in the isolation of predominantly a 1Hex-containing oligosaccharide and a 3Hex-containing oligosaccharide.
Structural analyses Capillary electrophoresis electrospray MS (CE-ES-MS) analysis of LPS-OH from the mutant strains
Methylation analyses were performed on the core oligosaccharides (OS) from the two single mutants and the two corresponding double mutants in the lgt1K background to determine the linkage pattern of the OS. Analysis of the core OS from the Lgt3A1 single mutant revealed the presence of terminal Glc, terminal Gal, 2-substituted Glc, 4-substituted Glc, 4-substituted Gal and 4,6-disubstituted Glc, consistent with the MS analyses. The absence of a 3-linked Glc inferred that the A1 region of the Lgt3 glycosyltransferase was responsible for this modification of the inner core OS. Analysis of the core OS from the Lgt3A2 single mutant and the Lgt3A2::lgt1K double mutant revealed the presence of terminal Glc and 3-substituted Glc, consistent with the MS data corroborating that the A1 region of the Lgt3 glycosyltransferase adds a Glc residue to the 3-position of the Glc-Kdo acceptor and inferring that the A2 region of the Lgt3 glycosyltransferase is involved in the addition of Glc residues to the 4-and 6-positions. Methylation analysis of the core OS from the Lgt3A1::lgt1K double mutant revealed the presence of terminal Glc and 4,6-disubstituted Glc, consistent with the MS analyses and corroborating that the A2 region of the Lgt3 glycosyltransferase adds Glc residues to the 4-and 6-positions of the Glc-Kdo acceptor.
To elucidate the exact locations and linkage patterns of the oligosaccharide, NMR studies were performed on the fractionated OS from the Lgt3A1::lgt1K double-mutant strain following complete deacylation. MS analyses had revealed that fraction 1 (Fr. 1) elaborated a 3Hex glycoform and fraction 2 (Fr. 2) a predominantly 1Hex glycoform. As detailed in Table IV and consistent with the methylation analyses, the NMR analysis confirmed that the 3-linked Glc was absent in this mutant background by virtue of (Cox et al. 2011) .
Taken together, these data indicate that Lgt3 is a novel, trifunctional glucosyltransferase. In the Lgt3A2 mutant, only the N-terminal DAD motif is functional. The β-(1-3) is added to the Glc-KDO 2 -lipid A core by the A1 catalytic domain, but the LOS chain cannot be further extended. Conversely, only the A2 catalytic domain is functional in the Lgt3A1 mutant, resulting in the β-(1-4) and β-(1-6) Glc additions. However, both phenotypic and structural analyses suggest that the preferred sequence of addition is the β-(1-3) Glc by the A1 domain, followed by the addition of the β-(1-4) and β-(1-6) Glc by the A2 domain. With the β-(1-4) and β-(1-6) Glcs linked to the core Glc-Kdo acceptor in the Lgt3A1 mutant, although this catalysis does not occur with full-efficiency, Lgt1 is able to extend the chain. Importantly, the double Lgt3A1A2 site-directed construct exhibits the same phenotype and LOS structure as the Lgt3-null mutant. Further, the deletion of Lgt1 in the site-directed mutants and resulting analyses support the trifunctional enzymatic activity of Lgt3 and proves that Lgt1, the only other glucosyltransferase, does not exhibit compensatory activity. The three linkage functions of Lgt3 in the biosynthesis of M. catarrhalis LOS are summarized in Figure 4 . 
Discussion
Prior to this study, the specific function of Lgt3 in M. catarrhalis LOS biosynthesis remained undefined. Although Lgt3 demonstrated the ability to function as a β-(1-4) glucosyltransferase using in trans complementation of an H. ducreyi LOS mutant defective in endogenous β-(1-4) glucosyltransferase activity; the structural data for the LOS synthesized by the lgt3 mutant suggested two additional functions for this enzyme . This current report confirms the ability of Lgt3 to function as a β-(1-4) glucosyltransferase and further supports its additional functions as a β-(1-3) and β-(1-6) glucosyltransferase critically involved in M. catarrhalis LOS biosynthesis. Analyses of the predicted amino acid sequence of Lgt3 revealed two conserved domains, each with homology to members of the GT-2 family of glycosyltransferase enzymes, whose members are characterized as enzymes with tandem glycosyltransferase active sites (domains) on one polypeptide (Coutinho et al. 2003) . Each Lgt3 domain exhibited homology to full-length glycosyltransferase enzymes involved in LOS biosynthesis and possessed homology to the domain As of other bifunctional glycosyltransferase enzymes. This type of domain is responsible for transferring UDP-sugar substrates to the nonreducing end of sugar-acceptor molecules found in the surface polysaccharides of other bacteria (Saxena et al. 1995; DeAngelis 2000, 2003) . Based on primary amino acid sequence similarities, Lgt3 did not appear to possess a domain B, which is normally associated with processive polymerization that involves alternating α and β linkages in polysaccharide biosynthesis, catalyzed by some multifunctional glycosyltransferase enzymes (Saxena et al. 1995; Griffiths et al. 1998; Jing and DeAngelis 2000) .
Additional analyses of the amino acid sequence for each Lgt3 domain revealed two highly conserved DXD motifs, which are associated with binding to the ribose ring of the UDP-sugar donor and a divalent metal ion coordinated to the P groups for other glycosyltransferase enzymes (Tarbouriech et al. 2001; Coutinho et al. 2003; Jing and DeAngelis 2003) . To determine whether these DXD motifs were important for the function of each Lgt3 glycosyltransferase domain, site-directed DAD mutants were constructed. The N-terminal DAD mutant synthesized two LOS glycoforms and our analyses suggested a defect in the addition of the first Glc residue onto the Glc-2-keto-3-deoxyoctulosonic acid (KDO 2 ) acceptor molecule for this mutant. Mutagenesis of the C-terminal DAD motif resulted in a truncated LOS glycoform which was slightly larger that the previously constructed lgt3 mutant LOS glycoform . Structural analyses of the LOS moieties produced by these constructs indicated that the N-terminal DAD motif adds the β-(1-3) Glc to the Glc-KDO core, whereas the C-terminal DAD motif is critical to the β-(1-4) and β-(1-6) Glc additions to the growing LOS chain. The double DAD mutant synthesized a LOS glycoform identical to the previously constructed lgt3 mutant, supporting the function of the A1 and A2 DAD motifs as the critical catalytic domains essential and sufficient for Lgt3 function. Moreover, these data demonstrate that the C-terminal domain has a broader acceptor-substrate specificity, which has been demonstrated for some LOS/LPS glycosyltransferase enzymes from other organisms and that the single A2 catalytic site exhibits bifunctional enzymatic activity (Rocchetta et al. 1998; Blixt et al. 1999; Piekarowicz and Stein 2002; May et al. 2012) .
In conclusion, the data presented in this report describe the characterization of Lgt3, a novel, trifunctional glucosyltransferase critically involved in the assembly of M. catarrhalis LOS. Our data indicate that the A1 catalytic domain of Lgt3 functions as a β-(1-3) glucosyltransferase and that the Lgt3 A2 catalytic domain exhibits bifunctional catalysis by mediating the addition of both the β-(1-4) and β-(1-6) Glc to the Glc-KDO LOS core.
Materials and methods
Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are listed in Table II . M. catarrhalis and E. coli XL1-blue were cultured as described previously using Mueller-Hinton or Luria-Bertani broth and agar plates, respectively (Luke et al. 2004; . For NMR structural analyses, cells were grown in a 24-L fermenter as described (Cox et al. 2011) . Antibiotics were supplemented as necessary at 15 μg per mL spectinomycin (Spec), 20 μg per mL kanamycin (Kan) and 100 μg per mL ampicillin (Amp).
Nucleic acid manipulations and analyses
Standard molecular biology reagents were obtained from New England Biolabs, Inc. (Beverly, MA) or Invitrogen (Carlsbad, CA). Chromosomal DNA was isolated using standard methods. PCR amplifications were performed for 25 cycles with the GeneAMP PCR System 9700 (P.E. Applied Biosystems, Foster City, CA) using Platinum Taq High-Fidelity DNA Polymerase (Invitrogen) and primer-set-dependent annealing temperatures and extension times. PCR amplicons were purified with the MinElute Reaction Clean-up Kit (Qiagen, Santa Clarita, CA) and ligated into the TA cloning vector pGEM ® -T Easy (Promega, Madison, WI) for further modifications or used for natural transformation. Site-directed mutant constructs were complemented in trans with the M. catarrhalis shuttle vector pWW115 containing the wild-type DAD motif that was mutated in the chromosome (Wang and Hansen 2006) . Lgt1 mutants were constructed exactly as we described previously . DNA nucleotide sequences for all constructs were obtained via automated DNA sequencing (RPCI Biopolymer Facility, Roswell Park Cancer Institute, Buffalo, NY) and analyzed with MacVector 12 and the Wisconsin Sequence Analysis Package (Genetics Computer Group, Madison, WI). 
Site-directed mutagenesis
Mutagenesis was achieved using the QuickChange ® II Site-Directed Mutagenesis Kit (Stratagene, LaJolla, CA) and mutagenic primers 2476, 2477, 2478 and 2479 (Table V) to introduce defined mutations in lgt3. The previously reported plasmid pLGT-3KE was used as the template for mutagenic reactions, which were performed according to the manufacturer's protocol . Following DpnI-digestion and electroporation into XL1-blue competent cells, plasmid DNA was isolated from the resulting transformants using a QIAPrep Spin Mini Kit (Qiagen) and subjected to DNA sequence analysis to confirm the presence of the desired mutations. Purified amplicons, generated by previously designed primers 698 and 699, were used to naturally transform the formerly constructed Kan-resistant Lgt3 mutant M. catarrhalis 7169::lgt3KM (Luke et al. 2004; . Kan-sensitive transformants were selected by replica plating (Luke et al. 2002; Furano and Campagnari 2004; Schwingel et al. 2009 ). The presence of the desired site-directed mutation(s) was confirmed by sequence analysis of chromosomal DNA isolated from each transformant using primers 418 and 419, which were designed to flank the site of recombination. The resulting M. catarrhalis strains were designated 7169::lgt3A1 (D87A/D89A; the N-terminal A1 domain DAD to AAA mutant), 7169::lgt3A2 (D361A/D363A, the C-terminal A2 domain DAD to AAA mutant) and 7169:: lgt3A1A2 (D87A/D89A/D361A/D363A double mutant containing both A1 (N-terminal) and A2 (C-terminal) DAD domains mutated to AAA).
Isolation of M. catarrhalis LOS for phenotypic analysis LOS was prepared from proteinase-K-treated whole cell lysates, resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 16% acrylamide separating gel with a bilayer stacker, and visualized by silver staining or western blot analysis with MAbs 4G5 or 3F7 as previously described (Tsai and Frasch 1982; Campagnari et al. 1991; Inzana et al. 1999; Schwingel et al. 2009 ).
Preparation of M. catarrhalis LOS for structural analyses
For the initial, rapid profiling of LOS glycoforms by ES-MS, plate-grown bacterial cells were treated with proteinase K followed by successive DNase and RNase treatments to release the LOS, which was O-deacylated in situ with anhydrous hydrazine (Li et al. 1998; Schwingel et al. 2009 ). For linkage analysis, cell pellets from 5 L of stationary-phase bacteria were treated with 1% phenol (final concentration), successively washed with ethanol, acetone and petroleum ether and subjected to the hot phenol-water LOS extraction procedure as described in detail (Westphal and Jann 1965; Masoud et al. 1994; Schwingel et al. 2008 Schwingel et al. , 2009 ). The core OS were isolated by treating the LPS ( 20-40 mg) with 1% acetic acid (10 mg mL −1 , 100°C, 1.5 h) with subsequent removal of the insoluble lipid A by centrifugation (5000 × g). The lyophilized OS samples were desalted on a Sephadex G-25 column. To prepare sufficient material for NMR analyses, strain Lgt3A1::lgt1K was grown in a 24L fermenter and LPS was isolated as described previously except that it was necessary to isolate the LPS from the phenol phase following the Westphal extraction (Cox et al. 2011) . To prepare completely deacylated LPS (LPS-KOH), purified LPS (180 mg) isolated from the phenol phase of the fermenter grown cells was treated with 4N KOH at 125°C for 30 h, cooled and neutralized with 4N HCl followed by a low speed spin. The supernatant was desalted on a Sephadex G-25 column and lyophilized. NMR analyses were performed on the purified fully deacylated oligosaccharide, following anion-exchange chromatography as described previously (Russo et al. 2013) . Briefly, the fully deacylated LPS was separated on a Carbopac PA100 column using a gradient of 20-100% 1 M NaOAc in 0.1 M NaOH, at a flow rate of 2 mL/min. The resulting fractions were desalted on a Sephadex G-25 column and lyophilized.
Glycoform profiling and linkage analyses
Glycoform profiling of O-deacylated LOS samples and linkage analyses of core OS were performed as described (Masoud et al. 1994; Schwingel et al. 2008 Schwingel et al. , 2009 ). In brief, lyophylized O-deacylated LOS samples were dissolved in 1 M ammonium acetate solution and analyzed directly on a Crystal Model 310 CE instrument (ATI Unicam, Boston, MA) coupled to a 4000 QTRAP mass spectrometer (Applied Biosystems/MDS Sciex, Canada). Molecular mass calculations of proposed compositions were determined using the following average mass units: Hex, 162.15; KDO, 220.18; phosphoethanolamine, 123.05; P, 79.95 ; O-deacylated lipid A (Lipid A-OH), 897.00. For linkage delineation, methylated core OS samples were hydrolyzed with 2 M trifluoroacetic acid followed by reduction of the liberated glycoses with NaBD 4 and acetylation by acetic anhydride (Ac 2 O); partially methylated alditol acetates were separated by gas-liquid chromatography and identified by electron impact-MS on a Varian Saturn 2000 as previously detailed (Ciucanu and Kerek 1984; Masoud et al. 1994; Schwingel et al. 2009) . NMR experiments were performed as described previously (Cox et al. 2011 ). 
